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The  use  of  three-dimensional  imaging  methodologies  in  new  applications  in the  orthopaedic  ﬁeld  has
introduced  a  need  for high  accuracy,  in  addition  to a  correct  diagnosis.  The  aim  of this  study  was  to
quantify  the absolute  dimensional  errors  between  models  reconstructed  from  computed  tomography
and  magnetic  resonance  images  compared  to  a  ground  truth  for various  regions  of  the  bone.  Clinical  CT
and MRI  scans  were  acquired  from  nine  lower  leg  cadavers  and  the  bones  were  subsequently  cleaned  from
soft  tissues.  3D  models  of the  tibia  were  created  from  the  segmented  CT  and  MRI  images  and  compared  to
optical scans  of  the  cleaned  bones  (considered  as ground  truth).  The  3D  reconstruction  using  CT images
resulted  in an  RMS  error  of  0.55  mm,  corresponding  to an  overestimated  CT bone model  compared  torthopaedics the  cleaned  bone.  MR  imaging  resulted  in  an RMS  error of  0.56  mm;  however,  the  MRI  bone  model  was
on average  a small  underestimation  of  the  cleaned  bone.  Different  regions  of  the  bones  were  analysed,
indicating  a difference  in  accuracy  between  diaphysis  and epiphysis.  This  study  demonstrates  a  high
accuracy  for  both  CT  and  MRI  imaging,  supporting  the  feasibility  of  using  MRI  technology  for  the  3D
reconstruction  of  bones  in  medical  applications.
©  2014  IPEM.  Published  by Elsevier  Ltd.  All  rights  reserved.. Introduction
Over the past few years, medical imaging technology has moved
rom being used for purely diagnostic purposes to a methodology
hat includes many applications such as patient-speciﬁc instru-
entation and implants, statistical modelling or joint kinematics
esearch. Computed tomography (CT) or magnetic resonance imag-
ng (MRI) data have both been used to create a three-dimensional
3D) model of the patient’s anatomy.
In case of patient-speciﬁc instrumentation, 3D models of the
atient’s anatomy are used to deﬁne a preoperative plan [1] and,
ore recently, for the development of patient-speciﬁc implants as
ell [2,3]. Another application that merits from 3D imaging tech-
ologies is statistical shape modelling. The availability of 3D bone
odels of a large number of the population has created an oppor-
unity for both anthropological research and implant companies, asPlease cite this article in press as: Van den Broeck J, et al. Se
http://dx.doi.org/10.1016/j.medengphy.2014.03.016
tatistical analysis can be performed to map  the anatomical varia-
ions in a large number of people [4,5]. Patient-speciﬁc anatomical
odels are also applied in research studying the motion of joints.
∗ Corresponding author at: Materialise NV, Technologielaan 15, 3001 Leuven,
elgium. Tel.: +32 16 74 49 30; fax: +32 16 39 66 06.
E-mail address: joyce.vandenbroeck@materialise.be (J. Van den Broeck).
ttp://dx.doi.org/10.1016/j.medengphy.2014.03.016
350-4533/© 2014 IPEM. Published by Elsevier Ltd. All rights reserved.Both Lenaerts et al. [6] and Scheys et al. [7] have reported on the
importance of patient-speciﬁc geometry in musculoskeletal mod-
elling used in gait analysis.
This broad range of applications all have one important require-
ment in common: the 3D models created from the medical images
have to represent an accurate reconstruction of the actual anatomy.
In response, a number of studies have been conducted to investi-
gate the dimensional accuracy of 3D models reconstructed using
MRI  and CT scanning. A limitation to a number of studies performed
so far is the lack of a ground truth. Both Lee et al. [8] and Mora-oka
et al. [9] investigated the difference between CT and MRI  scan-
ning looking at the dimensional accuracy of bone models, without
quantifying the errors made with respect to the dimensions of the
actual bones. More recently, White et al. [10] and Rathnayaka et al.
[11] have reported on studies comparing CT- and MRI-based 3D
models to the actual bone, yet their data led to conﬂicting results.
White et al. [10] reported on MRI  imaging to result in a very inaccu-
rate representation of the bony anatomy compared to CT imaging;
whereas the results presented by Rathnayaka et al. [11] indicate
that both MRI  and CT imaging result in an accurate 3D model ofgmentation accuracy of long bones. Med  Eng Phys (2014),
the bone. The discrepancy in reported accuracy might be due to the
different methodology used by these researchers. Rathnayaka et al.
[11] performed 3D distance measurements using a point to point
comparison method; White et al. [10] produced physical models
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tig. 1. The optical scans were divided in three parts for comparison to the 3D recon
roximal 10% of the bone, B the diaphyseal part and C the distal epiphysis, identiﬁe
sing 3D printing and compared distance measurements between
natomical landmarks using a calliper.
The study we have conducted, investigates the dimensional
ccuracy of 3D reconstructions from both MRI  and CT data com-
ared to the dimensions of the actual bone, quantiﬁed by an
ptical scan of cleaned bone tissue. In contrast to the previous
ata available in literature, human cadavers were scanned using
 clinical imaging protocol, such that the results give an indica-
ion of the feasible accuracy of 3D bone reconstruction in a clinical
etting.
. Methods
Ten fresh-frozen legs from six human cadavers (average age:
0 years, age range: 52–92 years, 3 female and 3 male) obtained
ia the Human Body Donation programme of the University were
sed to compare different imaging modalities to an optical scan.
he legs were amputated mid-femur, preserving the full length of
he tibia. Only nine out of ten legs were used for the analysis, as
ne had to be discarded due to mislabelling during imaging. The
pecimens were cleaned in two stages: (1) a ﬁrst cleaning proce-
ure consisted of a mechanical cleaning using standard dissection
quipment (i.e. scalpels, scrapers) and immersion of the bones in
cetone; afterwards (2) the bones were boiled using a fat-removal
rocedure [12]. This two-step cleaning procedure ensured the full
emoval of cartilage and soft tissue.
The cadaveric legs were scanned using both CT and MRI.
he MRI  images were obtained with a 1.5 T clinical MRI  scan-
er (GE Signa HDxt) with a torso ﬂex coil using a 3D FAST
OF-SPGR sequence and sagittal slices, with TR = 20 s, TE = 5 s,
ip angle = 12◦, slice thickness = 2 mm,  slice increment = 1 mm  and
ixel size = 0.39 mm × 0.39 mm.  The ﬁeld of view of the MRI  scan
overed mainly the knee joint, as would be done in a clinical
etting. CT scanning was performed using a clinical CT scanner
GE LightSpeed VCT) using axial slices, 120 kVp, 160 mAs, slice
hickness = 0.625 mm and pixel size = 0.39 mm  × 0.39 mm.  The scan
overed the full tibia. Two  CT scans were taken, one of the untreated
pecimens and one after the ﬁrst cleaning procedure to quantify
he effect of the acetone treatment. MRI  scans were only taken of
ntreated specimens. Specimens were thawed at room tempera-
ure 24 h prior to scanning.
The cleaned bones were optically scanned using a calibrated,
hite-light optical scanner (ATOS II by GOM mbH, Braunschweig,
ermany) with a resolution of 1.2 million pixels per measuring vol-
me, yielding an accuracy of 0.02 mm.  This scanner consists of two
ameras and a projector unit, which projects a fringe pattern on
he object. This pattern is recorded by the cameras and the 3D
hape of the object is obtained via triangulation calculations. By
sing reference points, different scans are combined together until
he complete 3D shape of the object is captured. The optical scanPlease cite this article in press as: Van den Broeck J, et al. Se
http://dx.doi.org/10.1016/j.medengphy.2014.03.016
f each bone is considered to reﬂect the actual dimensions of the
one and acts as ground truth measurement in this study. An opti-
al scan was taken before and after boiling of the bones to quantify
he effect of this process on the bone surface and volume.ion of the bones; A reﬂects the proximal epiphysis of the tibia, deﬁned as the most
e most distal 10% of the bone.
Manual segmentation of the images was done using Mimics®
(v13.3, Materialise NV, Leuven, Belgium). The masks were created
by grey value thresholding. Manual mask-based adaptations were
applied where necessary. These include for example cropping the
mask to the bone of interest, disconnecting the femur and tibia
mask if in contact or completing the mask in regions of the images
with little contrast and unclear tissue delineation. 3D models were
then reconstructed using the following reconstruction settings in
Mimics: interpolation method ‘gray value’, preferred ‘accuracy’,
shell reduction to 1, no matrix reduction applied and smoothing
factor 0.5 using 7 iterations. After reconstruction, the 3D models
were exported.
To compare the MRI- and CT-based 3D models to each other and
to the optical scans, the models were registered in two  steps: an ini-
tial registration by aligning the inertia axes and a global ICP-based
registration [13]. The optical scan was compared to the image-
based 3D model of the bone by calculating the distance of the
vertices of the optical scan to the reconstructed 3D objects, where
a positive distance indicates that the optical scan is larger than the
image-based model. From this set of error measurements, different
metrics were calculated: the mean error and standard deviation,
the mean and standard deviation of the absolute, unsigned errors,
the root mean square error and the 95% value of the absolute,
unsigned error. The 95% value represents a good estimation on the
overall geometric accuracy of the 3D model and ignores possible
outliers in the dataset. After registration, the optical scans were
also divided in three parts to compare different regions to the 3D
models, as shown in Fig. 1. The aim was to investigate whether
the different geometry of diaphyseal and epiphyseal regions of the
bones resulted in a different accuracy of reconstructed 3D models.
Due to the limited size of the knee coil, the MRI  3D model consisted
only of the proximal epiphysis and proximal part of the diaphysis.
The models resulting from the different CT scans were also com-
pared to assess the inﬂuence of the tissue removal protocol on the
superﬁcial bone layer.
3. Results
3.1. Determining the bone–soft tissue interface
The 3D models generated from the CT scans before and after
soft-tissue removal were compared to quantify the impact of the
acetone treatment. The results, listed in Table 1, indicate that the
bone model reconstructed after treatment is on average smaller
than the CT-scan based reconstruction of the untreated bone. This
error was  introduced by the cleaning process that removes part
of the bone – soft tissue interface (illustrated in Fig. 2). To remove
remaining ligament attachments, the bones were boiled in a second
cleaning step. This procedure has been previously reported to have
an additional shrinking effect on the bone interface [12]. This effectgmentation accuracy of long bones. Med  Eng Phys (2014),
is quantiﬁed by comparing the optical scans of the bones before and
after the boiling process. As can be seen in Table 1, the optical scan
of the bone after boiling was  smaller than the optical scan before
boiling.
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Table  1
Dimensional errors caused by the cleaning treatment of the bones (stdev: standard deviation, RMS: root mean square). The effect of the acetone immersion is quantiﬁed by
comparing CT scans before and after acetone treatment, whereas the magnitude of the shrinking effect due to the boiling procedure was assessed by comparing the optical
scans  before and after boiling the bones. A positive value indicates that the model before cleaning is larger than the model after cleaning.
Cleaning procedure Absolute error: Mean (Stdev) [mm] Signed error: Mean (Stdev) [mm] RMS  error [mm] Absolute error: 95% value [mm]
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As high inter-user variability has been reported on the identiﬁca-
tion of anatomical landmarks and part of their reported inaccuracy
could be caused by the measuring protocol [14,15].Acetone immersion 0.40 (0.52) 0.25 (0.61)
Boiling  procedure 0.20 (0.13) 0.16 (0.18)
Total  error 0.43 (0.52) 0.40 (0.53)
.2. Imaging accuracy
The results of comparing the 3D models of the CT images of the
ntreated legs and the optical scans of the fully cleaned bones are
isted in Table 2. The average error is negative which indicates that
n average the CT-based 3D bone model is an overestimation of
he actual bone, represented by the optical scan. In addition, the
iaphysis of the bone is reconstructed with a higher accuracy com-
ared to the epiphyseal regions. Fig. 3 provides an example of the
omparison between the CT-based bone model and the optical scan.
The MRI-based 3D bone models were compared to the optical
cans of the cleaned bones and the results are presented in Table 3.
he average error comparing MRI  segmentation and optical scan is
ositive, indicating that an MRI-based bone reconstruction gives an
nderestimation of the dimensions of the actual bone. The epiph-
sis of the bone is reconstructed with a higher accuracy compared
o the diaphysis. However, the reconstructed proximal epiphysis
epresents on average a small overestimation of the cleaned bone
hile the reconstructed diaphysis is an underestimation of the
leaned bone. The comparison between the optical scan and MRI-
ased bone reconstruction is illustrated in Fig. 4.
.3. Overall results
Combining the results from the comparison of the CT- and MRI-
ased 3D bone models to the optical scans of the actual bone and
he tests to investigate the impact of removing the bone–soft tissue
nterface allows us to quantify the overall accuracy of the imag-
ng methodologies in a clinical setting. As indicated in Table 2, 3D
one models created from CT images will be an overestimation of
he actual bone, even when taking into account the impact of the
leaning error, resulting in a shrinking of the actual bone. The MRIPlease cite this article in press as: Van den Broeck J, et al. Se
http://dx.doi.org/10.1016/j.medengphy.2014.03.016
egmentation results in an opposite situation: the 3D bone model
ill be on average an underestimation of the cleaned bone (as indi-
ated in Table 3), and an underestimation of the actual bone as
ell.
ig. 2. Illustration of the bone – soft tissue interface situated between the delin-
ation of the actual bone (full line) and the border with the soft tissues visible on CT
mages (dotted line).0.66 1.97
0.24 0.46
0.67 1.81
4. Conclusions
This study has investigated the accuracy of segmenting long
bones using a clinical imaging protocol. It was found that both CT
and MRI  imaging are accurate for 3D bone reconstructions within
0.5 mm compared to the ground truth. On average, CT segmenta-
tion will result in a slight overestimation compared to the actual
dimensions of the bone whereas MRI  segmentation will induce a
small underestimation of the bone’s geometry.
The results reported on can be compared to previous studies
investigating imaging accuracy. White performed a study looking
at CT and MRI  images to quantify the accuracy for the design of
patient-speciﬁc instrumentation for total knee arthroplasty [10].
An average accuracy of 0.61 mm on CT reconstruction and 2.15 mm
using MRI  images was found. However, the accuracy of the recon-
struction was assessed by 3D printing of physical bone models and
measuring the distances between landmark points using a calliper.gmentation accuracy of long bones. Med  Eng Phys (2014),
Fig. 3. Illustration of a typical result comparing the CT-based bone model with the
optical scan of the bone. The difference is within 0.5 mm in the green regions and
below −0.5 mm in the red regions. A negative value (red) indicates that the 3D model
is  an overestimation of the actual bone. (For interpretation of the references to colour
in  this ﬁgure legend, the reader is referred to the web version of this article.)
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Table 2
Difference between the 3D models reconstructed from the segmentation of the CT scan of the intact leg and the optical scan of the cleaned bone.
Bone region Absolute error: Mean (Stdev) [mm] Signed error: Mean (Stdev) [mm]  RMS  error [mm] Absolute error: 95% value [mm]
Proximal epiphysis 0.58 (0.26) −0.57 (0.27) 0.64 0.96
Diaphysis 0.48 (0.14) −0.48 (0.14) 0.50 0.67
Distal  epiphysis 0.54 (0.37) −0.50 (0.42) 0.65 1.17
Full  bone 0.51 (0.22) −0.50 (0.23) 0.55 0.88
Table 3
Difference between the 3D model from the MRI  segmentation of the intact leg and the optical scan after boiling of the bones.
Bone region Absolute error: Mean (Stdev) [mm] Signed error: Mean (Stdev) [mm]  RMS  error [mm] Absolute error: 95% value [mm]
Proximal epiphysis 0.39 (0.37) −0.07 (0.53) 0.58 1.14
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tDiaphysis 0.46 (0.36) 0.20 (0.55
Full  bone 0.41 (0.37) 0.04 (0.55
Rathnayaka compared both CT- and MRI-based 3D models to
easurements of the actual bone using a mechanical contact scan-
er [11]. An absolute accuracy of 0.15 mm for CT and 0.23 mm for
RI  was found, using ﬁve ovine limbs, where CT-based 3D mod-
ls resulted in a slight overestimation and MRI-based models in
n underestimation of the actual bone. The results from our study
re close to the ones reported on by Rathnayaka. Differences in the
esults may  be attributed to a difference in imaging protocol and
mage processing technique.
Our study setup was designed to be similar to the study per-Please cite this article in press as: Van den Broeck J, et al. Se
http://dx.doi.org/10.1016/j.medengphy.2014.03.016
ormed by Gelaude on the accuracy of CT imaging [12]. In their
tudy, CT reconstructions of the femur before and after soft-tissue
emoval were compared to a ground truth, created by a mechanical
ig. 4. Illustration of a typical result comparing the MRI-based bone model with the
ptical scan of the bone. The difference is within 0.5 mm in the green regions, below
0.5 mm in the red regions and above 0.5 mm in the blue regions. A positive value
blue) indicates that the 3D model is an underestimation of the actual bone. (For
nterpretation of the references to colour in this ﬁgure legend, the reader is referred
o  the web version of this article.)0.54 1.14
0.56 1.14
contact scan of the bones, to quantify both the CT error and the
error created by the soft-tissue removal process. The error reported
on by comparing the CT-based reconstruction with the actual bone
is similar to the one found in this study, as is the RMS  error.
As the boiling procedure has been reported to result in shrink-
ing of the bones [12], in this study an acetone treatment was
applied initially to avoid or limit this additional error. However,
as the acetone treatment was not sufﬁcient to remove all liga-
ment attachments, a subsequent boiling procedure was applied.
The combination of these two cleaning procedures did not result in
large dimensional changes to the bone or bone interface; the result-
ing cleaning error was comparable to the one reported by Gelaude
et al. [12], who  applied just a boiling procedure.
When looking at the reconstruction accuracy of the different
bone regions, different results were found for CT- and MRI-based
bone models. Using CT data, the diaphysis of the bone is recon-
structed more accurately than the epiphyses. This can be explained
by the higher grey value gradient present because of the thicker
cortical bone, resulting in a more straightforward image segmen-
tation compared to the epiphysis where the contrast is less. The
opposite is true for MRI  data: as the knee joint is aligned in the
centre of the MRI  coil, the signal is weaker towards the extremities
resulting in a lesser grey value gradient and more difﬁcult image
segmentation. In addition, the surrounding cartilage and joint ﬂuid
at the epiphysis provides a clear delineation of the bone, where
this border is less visible in the diaphyseal regions with the current
imaging protocol. This likely explains the higher accuracy for the
proximal epiphysis compared to the diaphysis.
This study has demonstrated the feasibility of 3D reconstruction
of bones using MRI  technology with an accuracy comparable to
CT imaging, and hence the feasibility of using MRI  technology for
preoperative planning or the design of patient-speciﬁc implants or
instrumentation in orthopaedic or craniomaxillofacial surgery.
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